The discovery and development of new Pb-free perovskite light-absorber materials that are eco-friendly and stable has become an active research area in the field of photovoltaics (PVs). These perovskites are being considered for possibly replacing the Pb-based organic-inorganic halide perovskites in state-of-the-art perovskite solar cells. While the recent effort in this area has led to certain progress, some scientific and technological issues still remain unresolved. Here we provide perspectives on the comprehensive understanding of perovskite toxicity/instability, followed by design strategies for new nontoxic, stable perovskites. We also envision unprecedented challenges in the processing of the promising candidate perovskites that bridges materials design and actual devices. Future research in these directions will open up new possibilities in realizing eco-friendly and stable perovskite PVs for real-world applications.
Introduction
Solar power is the most abundant, free, and sustainable energy source, but the cost of harvesting solar power using conventional photovoltaics (PVs) still remains high compared with the conventional fossil-fuel energy source in most places. 1, 2 Therefore, there is a pressing need to develop next-generation PVs that are not only highly efficient but also sufficiently inexpensive. In this context, a new thinfilm PV technology, perovskite solar cells (PSCs), has emerged in recent years, which has received enormous attention and quickly rekindled research in the field of emerging PVs. [3] [4] [5] Within a short period of time, the power conversion efficiency (PCE) of PSCs has experienced a rapid increase from 3.8% in the firstversion PSC by Kojima et al. 6 in 2009 to a certified 22.1% in 2017. 7 At the heart of the PSCs are perovskite-type materials that are utilized as light absorbers.
Since the early stages of PSC development, the most widely studied perovskites are Pb-based organic-inorganic halide perovskites (OIHPs), which have a general chemical formula of ABX 3 , where A = CH 3 Figure 1 ). 8, 9 Recently, the family of perovskite absorber materials has been expanded to embrace a wider variety of perovskite derivatives and variants such as ''low-dimensional'' (twodimensional/one-dimensional/zero-dimensional) perovskites and chalcogenide perovskites. [10] [11] [12] [13] While there is a surge of research activity in exploring alternative perovskite materials for PSCs, the state-of-the-art PSCs still require Pb 2+ as the B-site cation in the perovskite crystal structure. Assuming that all of the US electricity need is generated using PSCs based on the most widely studied Pb-based OIHP, MAPbI 3 (38 mg of Pb per 1 kWh), the annual use of Pb is estimated at 160 tons. 14 Although effective regulation and management of the PSC life cycle can reduce the release of element Pb into the environment, it is obvious that the ultimate solution to the Pb-toxicity issue will be the elimination of Pb in PSCs. In particular, for niche consumer or household applications such as portable PVs, the allowable amount of toxic elements that can be included in such devices is extremely low. 15 For example, the US OSHA (Occupational Safety and Health Administration) lists element Pb and its compounds as highly hazardous, and has set the legal permissible exposure limit in general industry to <0.05 mg/L. 16 In addition, since the main health effects caused by Pb are narcosis and irritation of the eye/nose/throat, significant resources must be spent in protecting employee health against Pb exposure, which will inevitably increase the manufacturing cost of Pb-based PSCs. The other significant issue with the prevailing Pb-based bulk OIHPs is that they require organic cations such as MA + and FA + occupying the A-site in the perovskite structure. These organic species are relatively weakly bound to the metal-halide octahedra, which can be highly volatile under PSC operating conditions with respect to inorganic cations. 17 The organic species are also highly hygroscopic as they contain -NH 3 functional groups in the crystal structure, which are prone to be attacked by H 2 O and may accelerate the degradation of perovskites upon exposure to the open air. 18, 19 Thus, both issues, toxic element Pb and chemical instability, are major hurdles that will hold back the large-scale commercial deployment of PSCs based on Pb-containing bulk OIHPs. In order to tackle both issues, it is essential to develop new perovskite candidates that are nontoxic and stable, yet with reasonable PCE, for replacing the prevailing Pb-based OIHPs in PSCs. In this perspective, we first highlight the sense of urgency in understanding the origins of the toxicity and instability in the prevailing perovskite light-absorber materials, followed by a discussion of design strategies of new ecofriendly, stable perovskites. Lastly, we provide an outlook on the synthesis of new candidate Pb-free perovskite materials.
Context & Scale
The Environmental Impacts and Stability of Promising New Perovskites Need to Be Assessed As shown in Figure 2A , the typical life cycle of a PSC panel would follow the following steps: raw materials extraction, synthesis/processing, cell assembly, usage, and cell decommissioning. 20, 21 Although detailed life cycle assessment of the PSC technology is still premature at this stage, it is certain that the release of toxic species derived from perovskites will occur during all the above steps. This will invariably have a negative impact on the environment, such as land/water pollution, and There is environmental concern due to the presence of the toxic element Pb, and the stability issue due to the presence of the organic cation (MA + or FA + ) at the A sites.
eventually the contaminants will end up in the food chain affecting human beings.
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There is also concern of environmental impacts resulting from potential catastrophic events such as fire or flooding involving PSC manufacturing, transportation, storage, and usage. 23 Thus, the environmental and health impacts are not just limited to the direct Pb metal toxicity. Furthermore, there can be several other mechanisms such as acidification and nanotoxicity that can make perovskites potentially harmful to the environment and human health (see Figure 2B ). For example, Sn-based PSCs have achieved $10% PCEs, and they are recognized as potential eco-friendly candidates for PSCs. However, Babayigit et al. 20 have recently found that the oxidation of Sn(II)
to Sn(IV) in Sn-based perovskite materials can occur rapidly in ambient or aqueous environments, which leads to the formation of hydroiodic acid as a by-product. 20, 24 Results from biological experiments using zebrafish as a model ( Figure 2C ) indicate that SnI 2 exposure is more acutely toxic to zebrafish than PbI 2 exposure, which seems counterintuitive. This is mainly due to the more severe acidification effects brought about by Sn 2+ compared with Pb 2+ . Furthermore, both Pb-based and Pb-free perovskites are expected to be in nanoscale-size in PSCs and optoelectronic applications. 25, 26 Since nanoscale materials are known to be harmful to living cells and biological systems in some cases, nanoscale perovskite materials could be also potentially toxic. In addition to physicochemical properties, the production of possible fibrous structure, 27, 28 high surface charge state, 25, 29, 30 and generation of radical species in nanoscale perovskites due to their size may prove to be harmful. 31 Therefore, to have a reliable assessment of the toxicity of perovskite materials, both established and newly discovered ones, there is an urgent need to design and conduct a standard system of biological experiments toward this goal. Research in this direction is still rare, and it may emerge as an important area in the field of PSCs. Regarding stability, as shown in Figure 3 , the most significant factors that degrade a perovskite material include moisture, light, heat, and oxygen. These factors degrade OIHPs via a variety of mechanisms that include, but are not limited to, polymorphic transformation, hydration, ion diffusion, 32 decomposition, and oxidation. In recent years, while the degradation in the prevailing Pb-based OIHPs has been studied comprehensively, understanding of the degradation of the emerging Pb-free perovskites is relatively scant. In fact, some results in the literature have indicated that the stability issue of the emerging perovskite materials can be even more complex than the Pb-based OIHPs. Several degradation mechanisms may be in play at the same time. For example, CsSnI 3 is a promising Pb-free candidate perovskite material with an optical bandgap of 1.3 eV and relatively high carrier mobility, which has attracted considerable interest. 33 Owing to its all-inorganic nature and strong covalent/ionic bonding in the crystal structure, 34 CsSnI 3 perovskite exhibits high thermal stability. 35 However, g-CsSnI 3 ''black'' phase transform readily to d-CsSnI 3 ''yellow'' polymorph upon exposure to the ambient environment. 36, 37 Meanwhile, Sn(II) in CsSnI 3 can be extremely susceptible to oxidation to Sn(IV) in the presence of oxygen, converting CsSnI 3 to Cs 2 SnI 6 . 38 In addition, it is also possible that the moisture in the ambient environment ingresses into CsSnI 3 perovskite thin films, forming hydrates and eventually decomposing CsSnI 3 to metal halides. These degradation mechanisms may occur simultaneously, causing rapid decrease in the PCE of CsSnI 3 -based PSCs. In the case of high-PCE PSCs based on Sn-containing OIHPs (MASnI 3 or FASnI 3 ), their instability in ambient environment can be so severe that these PSCs degrade within several minutes if not encapsulated. To study these mechanisms separately is rather challenging, but there is a dire need for addressing the instability issue of PSCs fully. Furthermore, the stability and degradation of many other Pb-free perovskite candidates, such as CsGeI 3 , CsSn x Ge 1-x I 3 , Cs 2 TiI 6-x Br x , and Cs 2 AgBiBrI 6 , have been rarely studied. [39] [40] [41] Their tolerance to the key environmental factors (moisture, light, heat, oxygen) and potential degradation pathways have not been revealed clearly, which will be a rich area of research. The exploration of the stability of these emerging perovskites will lead to fundamental scientific findings that will guide the design of new Pb-free, stable perovskites for PSCs.
There Is Urgent Need to Search for Nontoxic, Stable Perovskites for PVs through Integration of Theory and Experiment
Considering the large number of compounds in the perovskite family and its derivatives, it is necessary to adopt theoretical calculations as screening tools to identify potential candidate perovskites that are both nontoxic and stable. Such materials 42 An alternate way for identifying potential Pb-free perovskite candidates is from the view of electronic structure. In Pb-based OIHPs, the strong antibonding coupling of the Pb lone-pair 6s orbital with I 5p orbital leads to high-level band dispersion, ambipolar conductivity, and defect tolerance, which are responsible for long carrier lifetimes and diffusion lengths, resulting in high PCEs in PSCs made using these materials. 43 Therefore, much effort has been devoted to perovskites based on alternative metals such as In 1+ , Ga 1+ , Bi 3+ , and Sb 3+ that also contain lone-pair ns 2 . [44] [45] [46] Also, the search can be conducted for new compounds containing antibonding coupling between different orbitals at valence band maximum, which may lead to a band-edge character similar to that in Pb-based perovskites. For example, Yin et al. 43 have suggested skutterudite-structure IrSb 3 has a p-p* antibonding coupling band-edge character with respect to Pb-based perovskites. Another way to search the potential Pb-free perovskite candidates is from the view of crystal structure for perovskite materials. It is interesting that, for maintaining charge neutrality, replacing Pb 2+ with an aliovalent metal cation will invariably result in perovskite structures with new chemical formulae A 2 B(IV)X 6 , A 3 B(III) 2 X 9 , ABˊ(I)Bˊˊ(III)X 6 , and AB(V)X 6 , which deviate from the standard AB(II)X 3 formula. 40, 47 This structural change will also affect the electronic structure of the compounds. 48 As shown in Figure 4A , by taking both the crystal structure and chemical composition into account, newly proposed perovskite-type compounds that exhibit favorable electronic structures for PV applications can be identified.
Stability of perovskites is a more complex problem, which is difficult to predict through a purely computational approach, and thus a theory-experiment integrated approach is necessary. 49, 50 Usually, Goldchmidt's tolerance factor (t) is a widely used empirical rule to roughly estimate perovskite phase stability. The range of 0.9 % t % 1 is generally viewed as very good fit for perovskites, implying the likelihood of cubic structures, while the range of 0.71 % t % 0.9 generally implies the likely formation of orthorhombic or rhombohedral structures due to the tilting of the octahedra. For t % 0.71 or t R 1, other structures, such as hexagonal or NH 4 CdCl 3 -type, can form. Figure 4B shows a proposed flowchart for screening nontoxic-metal-based perovskite candidates with favorable stability for PVs using a rationally combined theory-experiment approach. This flowchart starts with a potentially promising nontoxic-metal-based Pb-free perovskite candidate identified using the methodology in Figure 4A . 40 and Sakai et al. 59 that it is possible to replace the B-site ion with tetravalence metal (B 4+ ), forming more stable vacancy-order double perovskites such as Cs 2 Ti(IV)Br 6 and Cs 2 Pd(IV)Br 6 , respectively. Besides, the B-site ion can be replaced by the same atoms with different valence states (e.g., Au + and Au 3+ ) 60 for electronic double perovskites.
In the general process flow shown in Figure 4B , the intrinsic or thermodynamic stabilities of new compounds are first confirmed using density functional theory (DFT)-based first-principles calculations (e.g., formation energy prediction), followed by examination of the critical PV-related electronic/optical properties. The perovskites are then synthesized and their stability/degradation under extrinsic environmental stresses (e.g., temperature, light, water, oxygen) are studied experimentally based on the methodology shown in Figure 3 . The experimental study is also complemented by mechanistic studies using theoretical tools such as the Born-Oppenheimer molecular dynamics (MD) simulation and DFT-based methods (e.g., nudged elastic band). The results from these complementary theory-experiment studies provide directions in modifying the perovskite crystal structure/composition (ion replacements and doping/alloying) 9,61 and finding potentially more stable perovskite candidates. Note that the key electronic structure and PV-related properties of the perovskites are carefully considered during the whole stability-screening process, as reflected in Figure 4B .
Moreover, combining computational quantum-mechanical, thermodynamic approaches and techniques rooted in database construction and intelligent data-mining, high-throughput computational materials design can be employed to predict Pb-free perovskite materials for PV applications. However, these calculations are still nowhere near direct simulation of materials, and they usually address only a small part of the actual design problem. More importantly, to describe key properties (e.g., stability, light absorption, carrier mobility, low cost, and nontoxicity) for material function, the descriptors can be computed at the DFT level for screening candidate materials. As mentioned earlier, the computational descriptors of intrinsic stability are Pauling's rules, tolerance factor, octahedral factor, atomic packing fractions, 62 and enthalpy of formation. The descriptor of light absorption and carrier mobility may be approximately related to the bandgaps and effective masses of materials. Low cost and nontoxicity of materials can, at least to some extent, be estimated based on the constituent elements. On the basis of aforementioned descriptors, one can screen the candidates with perovskite structure, and its derivatives, to search for suitable materials with desirable properties. 55, 63, 64 However, considering the large composition space and the numerous suitable descriptors for key properties, which are usually obtained through more accurate functional, the high-throughput computational design is quite computationally expensive. In contrast, on the basis of known data, which already exist or are obtained by calculations, a proper machine learning model may be trained. This model can then be used to explore the periodic table in a search for new candidate materials with desirable properties, providing insights and guidance for experimentation. By finding important descriptors (e.g., Pauling's rules, tolerance factor, octahedral factor, electronegativity, average ionic radius, and number of valence electrons), the stability and bandgap of perovskites have been predicted using these approaches in previous reports.
65-68
The Emerging Pb-free Perovskites Need to Be Processed into Thin Films for Adaption into PSCs Processability is another key factor for evaluating the promise of a new perovskite material for use in PVs. Thus, once candidate perovskites with good optical/electronic properties, nontoxicity, and favorable stability are identified, their thin-film processing needs to be explored in order to bridge the perovskite crystal design to thin-film-based PV devices, as shown in Figure 5 . Solution-based processing is the most attractive for the development of PSCs, which can be broadly classified into two types: (1) ''one-step'' direct crystallization ( Figure 5A ) from solutions where the perovskite precursors are co-dissolved or the perovskite materials themselves can be dissolved, 4,69 and (2) ''two-step'' sequential growth ( Figure 5B ) based on inter-diffusion reactions between stacked layers of precursor. 70, 71 Both methods have been widely and successfully employed for the synthesis of Pb-based OIHP thin films. However, for the new stable, nontoxic perovskite thin films, these two methods may not be applicable in a straightforward manner. Several challenges are envisioned. For the one-step method, it will be necessary to develop eco-friendly solvent systems that can easily co-dissolve the precursors, as the cations that replace Pb 2+ in the perovskites may not exhibit high coordinative interaction with solvent molecules that help dissolution. For the two-step method, considering the possibility of more sluggish ion mobility, it could be challenging to accelerate the reaction kinetics for facilitating the formation of high-purity Pb-free perovskites. Also, solution deposition of the stacked layers using orthogonal solvents could be a potentially intractable issue due to limited solvent choices.
The vapor-based methods are typically divided into two categories: (1) co-evaporation of the precursors ( Figure 5C ); and (2) single-source evaporation of the as-synthesized perovskite powders ( Figure 5D ). 3, 72, 73 While the vapor approach may appear straightforward compared with the solution approach, the relatively complex compositions of new perovskites may render vapor-based methods rather difficult. Nevertheless, by performing detailed fundamental studies, many unknown physical/ chemical characteristics of new perovskites can be understood. The knowledge gleaned from these studies will help the development of efficient strategies to resolve potential processing issues. Such experimentation may emerge as an attractive research topic in the roadmap for realizing nontoxic, stable PSCs.
Summary
The commercialization of PSCs calls for extensive research and development (R&D) efforts on new perovskite materials that are not only highly efficient in light-to-electricity conversion but also nontoxic and stable. Over the next few years, much increased R&D effort is expected to be devoted to the search for such new perovskite materials. While the current ongoing research activities toward this goal appear to progress in somewhat random directions, we suggest here a rational roadmap that may contribute to accelerating the R&D in this area. This roadmap starts with understanding the toxicity/degradation mechanisms of the current and emerging perovskites through more standardized experimental protocols. This is followed by the design (including complementary theory-experiment approaches) of new eco-friendly perovskites that can be highly resistant to environmental stresses, after gaining in-depth understanding of the toxicity/degradation mechanisms. We envision enormous challenges that still lie ahead regarding the experimental thin-film fabrication of the emerging lead-free, stable perovskites. The latter is a pivotal step toward successful and eventual device fabrication and manufacturing. At the same time, it also presents exciting opportunities for synthesis/processing innovations. By conducting combined scientific and engineering R&D along these lines, we expect that the realization of efficient and eco-friendly PSCs will take place in the future.
